Borrelia hermsii, a spirochete and an etiological agent of relapsing fever, was cultivated in modified Kelly medium. Studies of the action of penicillin on B. hermsii strain HS1 revealed the following: (i) the in vitro minimum inhibitory concentration and minimum bactericidal concentration of benzylpencillin for this strain were 0.4 and 3.1 nmol/ml (0.15 and 1.1 pLg/ml), respectively; (ii) the primary morphological responses at the minimum bactericidal concentration of benzylpenicillin were the formation of spheroplast-like structures and an increased number of small, membranous blebs; (iii) radioactive benzylpenicillin bound to five penicillin-binding proteins in the whole cells of B. hermsii. The 50% binding concentrations of labeled penicillin for the five penicillin-binding proteins were within a factor of five of the minimum inhibitory concentration. More than onehalf of the total bound labeled penicillin was associated with penicillin-binding protein 1, the penicillin-binding protein with the largest apparent molecular weight (90,000).
Pathogenic borreliae, the etiological agents of relapsing fever, are susceptible to penicillin in vivo. This has been observed during treatment of infections of both humans and laboratory animals (3, 9, 22, 24) . Borrelia species thus resemble other spirochetes, including Treponema pallidum, in their susceptibility to penicillin (1, 2, 5, 10) . However, little is known about the mechanisms of action of penicillin on spirochetes. This lack of knowledge has been due, in part, to past difficulties in the cultivation of many of these organisms. The ability to grow pathogenic strains of Borrelia in vitro permits examination of the effects of penicillin on this representative of spirochetes. We have specifically studied Borrelia hermsii, a cause of relapsing fever in North America. We have established in vitro inhibitory and bactericidal concentrations of penicillin for this Borrelia strain, demonstrated the morphological effect of penicillin at its minimum bactericidal concentration, and identified the penicillin-binding proteins (PBPs) in cells of this species.
MATERIALS AND METHODS
Conditions of growth. The origin of the strain of B. hermsii used in these studies has been described (26, 27) . It Binding of labeled pencillin to isolated membranes and to whole cells. B. hermsii grown under the conditions described above were harvested at a cell density of 1 x 107 to 2 X107 cells per ml. After 200 ml of pooled culture medium was centrifuged (8,000 x g for 20 min at 4°C), the cells in the pellet were suspended in 50 ml of cold phosphate-buffered saline (pH 7.4) and recentrifuged. The pellet was resuspended in phosphate-buffered saline to a density of 109 cells per ml. Cell membranes were isolated and then treated with sodium lauroyl sarcosinate (Sarkosyl) by a modification of the method of Spratt (25) 
RESULTS
Penicillin susceptibility. Table 1 shows the minimum concentrations of penicillin that were completely inhibitory to growth (0.4 nmol/ml or 0.15 jig/ml) and that were bactericidal (3.1 nmol/ ml or 1.1 p.g/ml). Growth inhibition was detectable but incomplete at 0.2 nmol/ml. Although 0.8 and 1.6 nmol/ml reduced the spirochete count to undetectable levels, 10 or more organisms per ml apparently survived and were able to produce infections in mice. Borreliae exposed to 3.1 nmol/ml appeared to be either killed or rendered noninfectious for this mouse strain.
Electron microscopy. Borrelia cultures were treated with 0.03, 0.3, or 3.1 nmol of benzylpenicillin per ml for 10 h and were examined by phase contrast light microscopy. There was no apparent morphological effect on organisms exposed to 0.03 and 0.3 nmol/ml, but approximately one-half of the cells in the culture containing 3.1 nmol/ml showed one or two large blebs associated with their surfaces. Untreated borreliae in late-log-phase growth (Fig. 1) and parallel cultures of borreliae exposed to 3.0 nmol of benzylpenicillin per ml for approximately one to two generations ( Fig. 2 and 3) were examined by electron microscopy. Figure 1 shows longitudinal and cross sections of untreated borreliae. An axial filament runs the length of a cell. The bundles of small, electron dense fibers located eccentrically at the periphery of protoplasmic cylinders are axial filaments in cross section.
The thin sections of treated borreliae revealed numerous large ovoid and spherical forms that were either separate from or still associated with recognizable protoplasmic cylinders (Fig. 2) . In some cross sections two membranes surrrounded diffuse cytoplasmic material or remnants of the cylinder (Fig. 3) . Figure 4 shows the apparent rupture of the protoplasmic cylinder at the location of the axial filament. This was the most common site for the large bulges to occur. We did not observe extremely long spirochetes or rod-shaped forms. An blebs were considerably more common in the treated culture (Figs. 1 and 2) .
Binding of labeled penicillin to PBPs of B. hermsii. Figure 4 shows the PBPs when whole cells of B. hermsii strain HS1 were incubated with [3H] penicillin. The figure also shows the location of the five PBPs in relation to Coomassie blue-stained proteins in the Sarkosyl-soluble fraction of whole cells that was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The apparent subunit molecular weights of the PBPs, when assessed by the addition of molecular weight standards to the gel, were 90,000 (PBP 1), 64,000 (PBP 2), 60,000 (PBP 3), 30,000 (PBP 4), and 29,000 (PBP 5 
DISCUSSION
We examined three aspects of the exposure of B. hermsii to penicillin: the in vitro antibiotic susceptibility of the strain, the morphological response of these spirochetes to penicillin, and the PBPs in the cells. B. hermsii strain HS1 was inhibited in its growth and killed by benzylpenicillin at micromolar concentrations; the predominant morphological response at the minimum bactericidal concentration was the formation of spheroplasts and small blebs; and the minimum inhibitory concentration was within a factor of five of the 50% binding concentrations of labeled penicillin for the five PBPs.
The in vivo effectiveness of penicillin for borrelial as well as other spirochetal infections has been well documented (3, 5, 9, 24) . In vitro susceptibility assessments of ,B-lactam and other antibiotics have been performed on the in vitrocultivable treponemes and oral borreliae (1, 2, 10), but they apparently have not been per- formed on relapsing fever borreliae. A comparison of our findings with studies of in vitrocultivable treponemes and oral borreliae shows that B. hermsii resembles the majority of other spirochetes in being inhibited in its growth by 0.1 to 1.0 nmol of benzylpenicillin per ml (1) . The finding of a minimum bactericidal concentration no more than eightfold higher than the minimum inhibitory concentration is similar to that of Abramson and Smibert in the case of Treponema vincenti (2) .
Benzylpenicillin at its minimum bactericidal concentration induced formation of large spherical structures. These structures were bounded by one or both cellular membranes and, in some thin sections, appeared to contain material from disrupted protoplasmic cylinders. Joseph et al.
found similar structures among free-living spirochetes exposed to 5 mg of penicillin per ml (17) . Although we have not assessed the amount of peptidoglycan in these large spherical structures, they are consistent in appearance with spheroplasts (20, 29) . The presence of two membranes in the envelopes of these spherical structures distinguishes them from "spherical bodies," which occur when some spirochetes are suspended in hyperosmotic media (28) . Spherical bodies represent separations of the outer membrane (envelope) from the underlying peptidoglycan-cytoplasmic membrane complex (28) .
A prominent electron microscopic finding was the abundance of small membranous blebs or vesicles in the penicillin-treated culture. Blebbing of the outer membrane is said to occur A possible consequence of penicillin-induced membrane vesicle formation is the Jarisch-Herxheimer reaction, the systemic reaction that often follows treatment of relapsing fever with antibiotics (22) . Some investigators have demonstrated endotoxin-like material in the sera of humans and animals with borrelial infections (6, 12, 31) and in the sera of humans with Jarisch-Herxheimer reaction after treatment with penicillin for secondary syphilis (13) . A release of numerous blebs containing such material conceivably could precipitate the Jarisch-Herxheimer reaction. Alternatively, the blebs may be the "nonendotoxin particulate pyrogen" described by Butler et al. (7) . Further studies are planned on the nature of the small blebs and their possible association with the Jarisch-Herxheimer reaction.
We identified five PBPs in the Sarkosyl-solu- (11, 23) , further study of spirochetal PBPs and their functions may be of interest.
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